The mid-high temperature heat pump provides hot water at a relatively high temperature using some industrial waste heat as its source. Now, the main refrigerants in this application are CFC114, HCFC123, and HCFC142b, etc., 
Introduction
The proper choice of an appropriate working fluid for a given heat pump application is very important, but it is not straightforward. For mid-high temperature heat pump system which is commonly used in medical, dry, food, wood, and chemical industries, R114 was once widely used as the working fluid [1, 2] . Some studies on alternative refrigerant for midhigh temperature heat pump have been carried out for many years, such as R123, R142b, R22/R141b [3] , R124/R142b/R600a [4] , R22/R236ea, R22/R236ea/R141b [5] , and R600, R600a [6] . The literature on mid-high temperature heat pump similarly focuses on the choice of refrigerant [7] . However, due to the multiple factors which would influence the selection of working fluid for mid-high temperature heat pump, there is still no satisfactory refrigerant to substitute R114. In the long term consideration, natural alternative refrigerant should be the best choice.
Sarkar et al. [8] theoretically investigated the system performances of heat pump using mixtures of R744/R600 and R744/R600a with various compositions as working fluids, respectively and compared performances of 50/50 mixtures with those of R744, R600a, and R600. Performance comparisons of R600, R600a, R744, and R744/R600 and R744/R600a with R114 for high temperature heating at a heating outlet temperature of 120 °C are presented. Based on the requirement in China and our research group works in heat pump using pure R744 and R744-based mixture as refrigerants, R744/R600a (MZ1) and R744/R600 (MZ2) are proposed as the candidate alternative for mid-high temperature heat pump [9, 10] . In this pa- per, the heating COP, compressor power consumption, condensation pressure, compression ratio, discharge temperature, mass and volumetric heating capacities have been analyzed for different MZ1 and MZ2 mixtures at the operating conditions.
Thermodynamic analysis
The heat pump system
The heat pump consists of a compressor (process 1-2), a condenser (2-3-4), an expansion valve (4) (5) , and an evaporator (5-6-1) as shown in fig. 1 . The heat exchangers are all of the counter flow type, and working fluid of one side is refrigerant while the other is water.
Assumptions
The assumptions are made to simplify the modelling: the heat pump system operates at a steady state; the refrigerants are all taken as pure substances without consideration of the effect of lubricant upon the properties of working fluid; pressure drops in all components and connecting pipes have been neglected; the heat transfer efficiency of condenser and evaporator are 1.0; compression process is adiabatic but nonisentropic, and the isentropic efficiency is assumed to be 0.70; the heat transfer pinch point temperature for heat exchangers is set at 7 °C [8] .
Main equations
The heat pump system performances have been assessed on the basis of heating COP which is defined as:
The heat transfer pinch point in condensation process is defined as:
The heat transfer pinch point in evaporation process is calculated in the same way. The thermal properties of MZ1 and MZ1 mixtures are calculated by REFPROP 9.0 [11] . A modelling code using engineering equation solver (EES) was developed.
Operating conditions
Considering the industrial waste heat available in China and heat pump user's demand, the heat sink inlet temperature is set at 30 °C and the hot water outlet temperatures should exceed 85 °C [2, 12] . The heat source inlet and outlet temperatures are 30 °C and 10 °C, respectively, by which the evaporation temperature can be determined. 
Results and discussions
It should be pointed out that the maximum mass fraction of R744 in the mixtures should be 55% for MZ1 and 35% for MZ2, above which the pseudo-critical temperature of MZ1 and MZ2 will be low and therefore the system will fail to achieve the expected mid-high temperature. Figure 2 illustrates the variation of heat pump system performances with the mass fraction of R744 for MZ1 and MZ2 when the hot water outlet temperature is 85 °C. The heating COP increases firstly and then decreases with the mass fraction of R744. The optimum mass fractions of MZ1 and MZ2 are 18/82 and 10/90, respectively, at which the heating COP attains the maximum. MZ1 has a higher system performance at optimum mass fraction than MZ2 under the given conditions. It can be seen that the compressor power consumption of MZ2 system is larger than that of MZ1 within the mass fraction range of R744. The compressor power consumption decreases at first and then increases.
The variations of mass heating capacity and volumetric heating capacity with the mass fraction of R744 are shown in fig. 3 . When the mass fraction of R744 is increased, the mass heating capacities of MZ1 and MZ2 system all increase at first and then gradually decrease, but the volumetric heating capacity always augments. The relationships of condensation pressure, compression ratio, and the mass fraction of R744 are shown in fig. 4 . For MZ1 and MZ2, the tendency of condensation pressure indicates the similar change with the mass fraction of R744. Compression ratio for MZ2 decreases first and then increases with the mass fraction of R744. Near the maximum mass fraction, the compression ratio increases flat, and then decreases again, which is more obvious for MZ1. At the optimal mass fraction, MZ1 has a smaller compression ratio than MZ2. When the hot water outlet temperature is increased from 85 °C to 95 °C, the system heating COP reduces due to the more compressor power consumption and the decrease of mass heating capacity, which can been observed in fig. 5 . Meanwhile, the optimum mass fractions for MZ1 and MZ2 system increases slightly, which means the water temperature is one of the factors influencing the optimum mass fraction. The condensation pressure is increased with the outlet heat sink temperature. When the mass fraction of R744 is greater than 0.25, the outlet water temperature has a weak influence on the condensation pressure.
Some main parameters of the heat pump system for different refrigerants are listed in tab. 1. MZ1-opt and MZ2-opt mean the mixtures with the composition at which the maximum heating COP will be attained. Compared with CFC114, HCFC123, and HCFC142b, the heating COP is considerably increased by 95.35%, 54.88%, and 57.30% for MZ1-opt; and for MZ2-opt 81.88%, 44.19%, and 46.40%. Although the COP h of MZ1-opt is greater than Table 1 . Performance comparison for R114, R123, and R142b, MZ1 and MZ2 with optimal composition that of MZ2-opt, MZ1 has a larger mass heating capacity than that of MZ2. Related to R114, R123, and R142b, the volumetric heating capacity of the system with MZ1-opt should be improved to 208%, 895%, and 195%, respectively; and with MZ2-opt it should be varied to 529%, 799%, and 169%. Both compression ratios of MZ1-opt and MZ2-opt system are lower than that of R114, R123, and R142b. For condensation pressure, compared to R114, R123, and R142b, the condensation pressure of MZ1-opt or MZ2-opt is slightly increased but below 2.3 MPa, which means heat pump using MZ1-opt or MZ2 can work under the conventional pressure. The MZ2-opt system is superior to MZ1-opt in assuring more safe and steady operation. The discharge temperatures of MZ1-opt and MZ2-opt are slightly greater than that of R114, but lower than those of R123 and R142b. Therefore, it can be concluded that the discharge temperature of MZ1-opt and MZ2-opt can ensure the steady operation of mid-high temperature heat pump.
Conclusions
For the mid-high temperature heat pump, both MZ1 and MZ2 mixtures are more efficient, and excellent system performances can be obtained compared with R114, R123, and R142b system under the given operating condition. By simulation, there exist the optimum mass fractions of 18/82 for MZ1 and 10/90 for MZ2, at which the heating COP will be 3.827 and 3.563, respectively. The MZ1 system has a higher system performance at optimum mass fraction than MZ2. Meanwhile, the unit volumetric heating capacities of the system with MZ1 and MZ2 are considerably enhanced compared with R114, R123, and R142b. The compression ratios of the system with MZ1 and MZ2 will be reduced, while the discharge temperatures changed a little. With a comprehensive consideration, MZ1 and MZ2 mixtures can work as a competitive alternative to the currently-used mid-high heat pump system.
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